In row crops, a skip is a length of row within the drill where the crop has failed to establish. If the number of skips and their mean length per acre becomes too high, then considerable losses in crop yield occur. Frequently, farmers are faced with the decision to replant a crop which has row skips. To make the best decision, reliable estimates of the stand loss due to skips must be available. In making this decision, three parameters are useful: the percent of the area per acre that is skipped, the number of individual skips (that is, density) per acre, and the mean row length per skip. The line-intercept method for the sampling of two-dimensional objects (particles) can be used to obtain estimates of these parameters. The method is illustrated with an example from a cotton field.
Introduction
Every year farmers are faced with many decisions with respect to the crops they have planted. After the crop has emerged, one of the first decisions is whether or not the emerged stand is adequate to produce a good yield. Weather, disease, insects or other causes can damage or destroy seedling plants causing skips, or gaps, to occur within the rows. If the percentage of the crop lost is too high, a decision must be made to replant. This decision must be timely, for delays in planting may cause the complete loss of even the replanted stand. On the other hand, if the crop is replanted when it is not necessary to do so, then additional costs in seed, agri-chemicals, time and equipment are wasted.
The question then becomes, "Should that field where the stand has skips be replanted?" . Agronomists have proposed guidelines to help farmers make this decision. In cotton, for example, McCarty (1989) has written that some important considerations in deciding to replant are: plant distribution down the drill (that is, number of plants per row foot and their distribution), the number of large skips in the drill, and plant number (that is, density per acre). These considerations defme several criteria that a producer has to evaluate. In a later article, McCarty (1991) provided suggestions on what values these parameters should exceed before the crop is replanted. For a cotton field which has conventional row spacings (that is, solid planted cotton with 38" between the drills), the plants should be unifonnly distributed and average 2 to 4 plants per row foot. If skips are present, then one should become concerned when they average 6 ft or more in length, are adjacent to each other on adjoining rows, and the stand is reduced more than 25 percent. At a stand loss of 25 percent, a 16 percent yield loss is expected.
Given these guidelines, how does one obtain the estimates necessary to reach a decision? An objective measure upon which to base this decision is necessary. A search of the literature turned up little on how to obtain and analyze the necessary data; however, see Nielsen (1991) for a discussion of the problem in com. A solution to this problem is to use the line-intercept method for sampling two-dimensional objects (particles). The line-intercept method is well suited for obtaining the necessary infonnation for making replanting decisions. The method is not laborious to apply in row crops and is advantageous in its simplicity. Three statistics supplied by its use conespond to several agronomic guidelines: the percent of the area per acre that is skipped (that is, coverage), the number of individual skips (that is, density) per acre, and the mean row length per skip. Using these estimates, an infonned decision can be made on whether or not to replant the crop.
The line-intercept sampling method for the sampling of any two-dimensional object has been widely used and has a long history, particularly in the forestry and wildlife sciences (Kaiser 1983; Warren and Olsen 1964; Van Wagner 1968) . We have not found, however, any reference to its use in cotton, or other row-crops. We demonstrate its use in a commercial cotton field during the 1991 production season.
Methodology Tenninology
According to Eberhart (1978) , transect methods can be apportioned into 3 conunon categories. The first type, the line-intercept technique discussed here, involves the interception of two-dimensional objects by a one-dimensional line. With this method, the purpose of the sample, or census method, is to estimate the number of objects in a specified area of study, and the fraction of the study area occupied by these objects. This fraction is called coverage (Eberhart 1978; Lucas and Seber 1977; McDonald 1991) . In row crops, when skips in the drill are the objects, coverage is also known as percent stand loss. The method can also be used to estimate other attributes besides coverage or density (Kaiser 1983; McDonald 1980) . In this study, the attribute to be measured is the mean length of the skip.
The other two transect categories are ,known as the strip-transect and the linetransect methods. With these applications, the objects encountered by a "line" are considered dimensionless. Either the line has dimension (the strip-transect) or attributes of the objects are recorded in reference to their position, distance, or radius to the line (the line-transect). However, as Eberhart (1978) remarks, these three categories are not mutually exclusive.
The terminology and notation of McDonald (1980 McDonald ( , 1991 can be adopted for row crop applications. Figures 1 and 2 diagram the use of many of the necessary symbols. The intercepted object is the skip within the drill. The drill is centered between two furrows. The length of the skip bisects the drill and is the distance between (cotton) plants on each end of the skip. The length of the intersection of the transect line and the skip is the distance between furrows, or the crop's row spacing. Thus, the row spacing is the width of the skip "object".
The following symbols apply for line-intercept parameters. Let: A represent the area of the study region, Yi be the attribute of interest to be measured on the ith intercepted skip, N be the number of individual skips in A, Y be the sum total of attribute Y over all skips, f.L y be the mean of the yth attribute for the skip, and C be the coverage by the N skips in A.
The corresponding statistics, and their symbols, can also be defined (McDonald 1980 (McDonald , 1991 . Let: L be the length of a randomly located transect line on a baseline of length W, Vi be the length of the intersection of the transect line and the ith skip, Wi be the length of the projection of the ith skip on the baseline. Specifically, this is the length of the skip in the row (Fig. 1) . Finally, let n be number of individual skips intercepted by the transect line (i = 1,2,3, ... , n). The statistic Wi is constrained to have a minimum value of 3 ft, and a maximum value of W, the baseline length.
The baseline is the base, or one side of the (rectangular) study area. The units of measure for distance are feet, to nearest tenth of a foot, while area is expressed in acres. It is convenient to let each sampled area be 1.0 acre in size. Therefore, a study area's size can be defined by the baseline and transect line lengths (A = W xL).
Also, the baseline is a reference line which runs perpendicular to the transect line, but parallel to the row direction (Fig. 2) . The baseline lies in the furrow, midway between two adjacent rows. The baseline length and its location within the field defines the study area. It is suggested that at least four baselines be placed within each 50-100 acre block of a field. Within these blocks, the baseline's origins are selected at random. To save time, in practice, it would be best to choose these origins using a systematic randomization scheme. It is important to randomly select the baseline origins, for as Steel and Torrie (1960) point out, haphazard selection is not random. Similarly, the origins of each transect line on these baselines can be assigned by a second systematic randomization scheme. In particular, the randomization schemes should guarantee that the study areas do not overlap. If they overlap, the transect lines cannot be independent samples (Anderson et al. 1979 ).
When collecting a sample, the observer first locates a baseline's origin and then moves to the point on that baseline where the transect line begins. The transect line runs perpendicular to the baseline for a distance of 32 rows (Fig. 2) . Recorded are the lengths of each skip (3 ft ~ Wj ~ W ft) intercepted by the transect line as the observer walks across the rows. It only takes a few minutes to walk one of these transect lines, but the actual time required will vary according to the number of skips intercepted.
Formulae
The formulae used to estimate the parameters for coverage, density, and mean skip length are reported here for a crop with a row spacing of 38 in. Thus, a baseline 430 ft long with a transect line 32 rows long defines a study area (A) of 1.0003 acre (43, 573 .333 /f), or I acre for practical purposes. For crops that have different row spacings appropriate adjustments in formula constants would be necessary.
To estimate the number of skips per acre (density) the following formula applies:
where W is 430 ft, the baseline length. The general formula for the mean skip length per acre is:
and when sampling for skips, specifically, the attribute Yi = Wi' Coverage is defined by:
and L is a constant, 101.34 ft (32 rows multiplied by the row spacing of 3.167 ft). The term Vi can also be a constant whenever adjacent rows do not have skips (Fig. 1) . If adjacent rows intercepted by the transect line have skips, then the ith tenn in the numerator of eq. (3) can be some multiple of the row spacing. This multiplier will be the number of adjoining rows in the cluster which have skips. Coverage can also be obtained by multiplying the skip density per acre by the mean length per skip, and dividing by the number of linear row feet per acre. This number will be 13,756 linear row feet for 38 in row spacings.
Background on Example
The data for the example were obtained from a 50 acre portion of a 200 acre cotton field grown in Leflore County, Mississippi. Within this portion, the skips were the result of heavy rains that preceded and followed the planting of the crop. When the stand emerged, the owner of the field decided, subjectively, that the stand was too skimpy and that he should replant. However, time did not pennit this to be done and the field remained as it was until harvest. Other agronomic practices were perfonned on schedule and were similar to those practiced on the rest of the field, which was planted later, and did not have skips.
In this study, a baseline was placed in each of 4 adjacent 1 acre plots in the 50 acre area. Four different observers, walked along a different transect line on each baseline. Each observer had the same random starting distance for their transect on these baselines. Each observer measured and recorded the length of each intercepted skip if that skip was 23ft in length. For each observer the baseline is the unit of replication. The transect line is the basic sample unit. These baselines were adjacent to one another to simplify the obtainment of absolute counts to be used for validation. In actual applications the baselines will not be adjacent, and the statistics obtained by an observer will be used to infer the status of the rest of the field.
Absolute counts were obtained from the same half of each of the four sampled acreages. These counts pennit the comparisons of sample estimates for coverage, density and average length of skip to those actually present. These numbers, after the completion of any necessary nonnalization steps, are the paxametric values used for hypothesis testing.
For each observer, statistics were calculated for skip density, mean skip length, and coverage for each sample line. The data were analyzed using a one-way treatment structure in a completely random design. Levene's test was used to test for homogeneity of variances (Milliken and Johnson 1984) for the three measures. Tests of hypotheses were perfonned by forming linear combinations of sample means (Milliken and Johnson 1984) , and testing for either equality among means or the equivalence of means to some hypothesized value. These values are the parametric counts previously described for skip density, length and coverage. This approach based upon the F-test is easily applied to these data.
Two questions of interest in this study are (1) Did any obselver differ significantly from any other observer in their estimate for coverage, density, and mean skip length, and (2) Do the observers differ significantly from the parametric values for these quantities? The first question can be stated in the fonn of the following hypothesis:
The second question can be stated by fonning linear combinations of sample means (Milliken and Johnson 1984) of the fonn:
where a is the parametric value for either coverage, density, or mean skip length. For both hypotheses, the J.tj' s are the observer (j = I, 2, 3, 4) means for these statistics.
If hypothesis (5) was rejected for any line-intercept statistic, then a 95% confidence interval was found for each observer's mean. This interval was then examined to see if a was contained within that interval. If a was not included, the conclusion was that the particular line-intercept statistic differed significantly from its parametric value.
Results and Discussion
From the absolute counts of skips, the parametric value for coverage was determined to be 8.8 percent, the density per acre was found to be 281 skips, and the mean skip length was 4.4 ft. Presented in Fig. 3 is a histogram of all the skips measured in one-half of the combined study areas. Skips at least 10 ft or longer were combined into one class. The longest skip measured was 30 ft with a frequency of one.
It would be instructive to know if any observer reached a different conclusion about the extent of skips in the cotton field just because a different random start was chosen for the placement of a transect line on a common baseline. This is the problem addressed by hypothesis (4). But, to test this hypothesis, it needs to be seen if the estimates obtained by the observers had similar or different variances. Levene's test can be used to test this assumption, since the sample sizes are small (nj = 4, for i = 1, 2, 3,4) and because the sample distributions are not likely to be normal.
Levene's test, with a significance level of 1 %, indicated that the variation in the four observers' estimates on skips were homogenous for density (F = 0.79; df = 3,12; P = 0.523), mean length (F = 2.48; df = 3,12; P = 0.111), and coverage (F = 4.74; df = 3,12; P = 0.021).
Of these three estimates, coverage was possibly the most doubtful in meeting the assumption of homogeneity of variance. A possible reason for this occurrence, suggested by an examination of the original census data, is that when skips occur together on adjacent rows, or there are a greater number of longer skips observed on one transect line than on other transect lines, coverage tends to increase. For example, one observer whose estimated average coverage was 18.0%, had one transect line giving a coverage estimate of 31.25%. This was the largest value observed for coverage among any of the 16 transect lines. This particular line had two clusters of skips, one having 3 and the other having 7 adjacent rows with skips. The effect of skips occurring in clusters, or of several skips longer than average occurring on a single transect has other influences as well.
To see what these additional influences are, we must examine the results of hypotheses which simultaneously compare several means to a single value. However, before these comparisons can be meaningful, a conclusion must be reached about the equality of the means (Hypothesis (4». The conclusions were that the means (Table 1 ) of the observers were equivalent for density (F = 0.70; df = 3,12; P = 0.570), mean length (F = 0.33; df = 3,12; P = 0.807), and coverage (F = 0.96; df = 3,12; P = 0.443). It can be concluded that the observers reached similar conclusions irrespective of where the transect line was placed on the baseline. This conclusion increases one's confidence in the suitability of the method for estimating parameters on row skips.
On the other hand, when we examine the results from simultaneously testing the equality of all means to a constant (Hypothesis (5», it is seen that at least one of the four observers differed significantly from the others in his conclusions about density (F = 7.482; df = 1,12; ex = 0.05) and coverage (F = 5.622; df = 1,12; ex = 0.05), but not significantly for mean skip length (F = 0.250; df = 1,12; ex = 0.05). How can this be explained? We see that, after constructing 95% confidence intervals, the conclusions of only one of the four observers differed significantly from the others in parametric values of density and coverage. For this observer, the intervals did not contain the parametric value for either density (294.66 < I-Lr < 813.18; a = 281 skips/acre) or coverage (10.153 < I-Lr < 25.785; a = 8.8% skips/acre). The reason for this observer's differences can be attributed to the same transect line discussed above which included two instances of skips in clusters. However, because each individual skip within these clusters did not differ significantly from the parametric skip length, there was no difference in the mean skip length for this transect line and the other 15 lines.
These results do not say that the line-intercept method is inappropriate for row crop applications involving skips. Rather, it further strengthens justification for its use. This is reasonable because, if a single transect line has an estimate different from other samples in a field, it indicates an area where different circumstances occur. It would be very practical in situations such as this to return to the field and obtain more samples in the vicinity of the discrepant line. Alternately, one could also employ a stratified sampling plan.
The results of this study suggest that for row crops, it is important to defme a minimum skip length. The size of a skip can introduce a size bias into the estimates of skip density, mean skip length, or even other attributes (McDonald 1991) . The size bias is apparent from eqs. (1) and (2), because one sums the reciprocals of the skip length, and the probability of encountering a skip is a function of its size. Size bias can be substantial, particularly for skips that are too small to be of agronomic importance. For example, during the analysis of one transect, a single 4 it length was improperly coded as a 0.4 it length. This error resulted in the number of skips to be calculated as 1,827 per acre. When the coding error was corrected, the estimate fell to 655 skips per acre. This is why the minimum skip length is defined to be 3 ft, and only skips 2:: 3 ft were measured and counted. Notice that this length is half the length of the agronomic guideline of 6 ft (McCarty 1991).
This minimum skip length was chosen, after discussions with several cotton agronomists, who are of the opinion that skips of this size wiU not cause yield loss. Thus, by using a minimum skip distance that corresponds to zero yield loss, we have sought to correct for size bias arising from the sampling of skips that are too small. Further study may show, however, that a more optimal minimum skip length may some other value between 3 and 6 ft. 55 Similarly, since the size of a skip cannot infinitely increase, the maximum pennissible skip length was defined to be the baseline length (W) . This case can occur, for example, when a planter box fails to drop seed into the drill during one or more passes through the field. For any length of skip, however, correction for size bias may merit further study with extremely long skips, or when skips cluster together on several adjacent rows. It seems best, to group skips which occur in clusters separately from individual skips, because it can be argued that they belong to a different class of two-dimensional objects. These instances seem similar to the group size problem discussed by Samuel and Pollock (1981) for animals that occur in herds having different numbers of animals. Kaiser (1983) and Lucas and Seber (1977) discuss variance estimation for lineintercept sampling. With line-intercept sampling the estimation of variance is a difficult problem. However, the use of the F-distribution provides a robust approach to hypothesis testing of line-intercept estimates in row crop applications, avoiding the difficulty in variance estimation. This use of the F -statistic is similar to McDonald's (1991) use of the t-statistic.
Conclusions
Unique features of row crops, such as the occurrence of parallel rows that are equally spaced, pennit easy application of the line-intercept method. Thus, the method is likely to be used in practice because it is not laborious to apply. Further, the collection of observations along a randomly located linear transect, placed perpendicular to a baseline of known length, avoids bias in the selection of the sample by the observer. The line-intercept method more easily permits the selection of unbiased samples than other methods tried. This fact is a major justification for its use in row crops.
The final result for the cotton field used in this study was that, at harvest, the area of the field having skips yielded 100 pounds more of cotton lint than the rest of the field. The yield increase was the result of less competition for nutrients, water, and sunlight, permitting the plants with the skips to set and retain more cotton bolls than the plants in the more uniform stand. This is to be expected, since the estimates for coverage, density, and mean skip length were well below the guidelines proposed by McCarty (1991) . If the weather had been more favorable this stand would have been replanted, with additional costs in time and money. If the method discussed here had been available, the decision to not replant would have been made. The decision would have been an informed one, instead of one reached by guesswork. This result illustrates that a judgement based upon observation alone, without systematic data collection and follow-up analysis can result in reaching a wrong conclusion. The line-intercept method demonstrated its usefulness in obtaining the necessary information for making better decisions about replanting a row crop.
The computational steps used to obtain the necessary estimates for coverage, density and mean skip length have been coded in the programming language C++. The program is facilitated with a user friendly interface, making it possible for farmers to apply the method to their own fields. The software is available upon request. 
